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3. l.--Left: High-quality  subset  of  PLANET  photometry for 
dG-28 spanning a 300 day  period  and consisting of 431 I-band  points 
m) and 155 Y-band  points (top) from  three  PLANET  obsenring sta- 
in Tasmania, Chile, and  South M’c~, shorn with baseline  Points 
the followhg season. Light curves €or OUT best-fitting  limb-darkened 

1 (LD2) are  superimposed. Right: An enlargement showing the 30 day 
i near  the peak. 
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. 1.-Left: High-quality subset of PLANET photometry for 
G-28 spanning a 300 day period and consisting of 431 I-band points 
n) and 155 V-band points (top) from three PLANET observing sta- 
n Tasmania, Chile, and South Africa, shown with  baseline points 
the following  season.  Light  curves for our best-fitting limb-darkened 
(LD2) are superimposed. Right: An enlargement showing the 30 day 
near the peak. 

easurements that deviated by  0.75 mag for constant 
as bright as I = 14  was also excluded. This high- 

ty subset of our  datal3 consists of 586 data points (431 
d :  247 La Silla,  130  SAAO,  54 Tasmania;  and 155 
nd : 98 La Silla,  41  SAAO,  16 Tasmania) and is  dis- 
d in Figure 1. 

2.2. Spectroscopy 
1997 May 31, prior  to  the  anomalous peak of 

HO 97-BLG-28,  red and blue spectra were taken of 
m c e  star by  M. Sahu using the  high-throughput 
jc (ESO Faint Object Spectrographic Camera)  on  the 
3.6 m telescope at La Silla,  Chile. The camera has  both 
ng and spectroscopic capabilities, and can hold five 
ES sirnlJlt2nenllclv c n  that ml11t;nln O*an++-nl 

4000 5000 
Wavele 

FIG. 2.-Flux-calibrated  corn bine( 
EFOSC on the ESO 3.6 m. The spec 
was taken before  the anomalous peal 
m a w e d .  

resolution of about 260 km s -  
tion feature near 5890 A. The h 
velocities  is 9.5 km s - which 
resolution of the spectrum. 

2.3. Radius and Spectrr 



1' 

0.5- 

Y2 0 

-0.5 

FIG. 5.4onfiguration of binary lens and trajectory of  the extendod 
source on the sky from  the  two-parameter limbdark&% d. The lens 
caustics  are  shown as the  closed, pointed shapts in the m e r  and at the 
right  side of the diagram. The path of the sourcc is indica4 by the &t 
parallel  lines;  the distancc bctwetn the two outer para Eimes CO- 
to  the source width. Lens positions are shown  as c r o s s e s ;  A4, is the heavier 
of the two. All distances  are in units  of  the angular Einstein  radius. 
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FIG. 5.-Confjguration of  binary  lens  and  trajectory  of  the  extended 
source on the  sky  from  the  two-parameter  limb-darkening model. The  lens 
caustics are shown as the  closed,  pointed  shapes  in  the  center  and  at  the 
right  side of the  diagram.  The  path  of  the  source  is  indicated  by  the  straight 
parallel  lines;  the  distance  between  the two outer  parallel  lines  corresponds 
to the  source  width.  Lens  positions  are shown as  crosses; M ,  is the  heavier 
of the two. All distances  are in units of  the  angular  Einstein  radius. 

Dominik (1998). The multisite, multiband baselines Were 

c of 0.007-0.065 mag in our best  model. 
t photometric alignment resulted in relative multisite offsets 
L allowed to vary independently in the fitting process; this 
1 

In general,  it is a difficult task to find a  minimum in a high e 
dimensional parameter space.  However,  in this case,  nearly I 
optimal values for some  parameters could be found by first ! 1 c 
searching in lower dimensional subspaces. The six  baselines c 
could be estimated from the latest data points  and then 
fitted with a point-lens model together with the parameters 
uo, to, tE, and the two  blending parameters, using the data d 
points  outside  the peak region.  We thus  began fitting the g 
binary-lens extended-source models only after we had good 
guesses for 11 of the parameters. Parameters from the 
uniform-source fit then provided us with good  initial esti- 
mates for a  total of 15 parameters, requiring only two or 
four additional  parameters when including limb darkening, 

Our best  fit  was  achieved for  a  two-parameter limb- 
darkening  model (LD2), and yielded a xiin of 1913  for the 
567  degrees of freedom (dof). This model is displayed in the 
left panels of Figure 4, and  its fit parameters  are listed in 
Table 1. If the  LD2  model is indeed the best  representation I 
of the  data, then the reduced X,.$,jdof = 3.374 is an indica- ; 
tion that the DoPHOT uncertainties are on average under- 1 
estimated by a  factor of - 1.8, consistent with our previous i G 
experience  (Albrow et al. 1998). ! : :  

The  corresponding source trajectory  and  caustic struc- f 
, l l  

TABLE  1 
PLANET MODEL P,uwmnms FOR GALACTIC BULGE E m  MACHO  97-BLG-28 

FORMAL DOPHOT ERROR BARS FRAMB-QUALlTY ERROR BARS 

PARAMBIgR LD2 LD1 UB LD2 LD1 UB 

x&,, ........................... 1913 1930 3255 264 281 450 
Number of dof ............... 567 569 571 667 669 671 
Number of parameters.. .... 19 17 15 19 17 15 
tB (days) ...................... 27.3 27.2 26.1 27.3 27.3 26.1 
to (days) ...................... 895.58 895.58 895.63 895.58 895.58 895.63 
uo ............................. 0.0029 0.0030 0.021 0.0029 0.0034 0.021 
d ............................... 0.686 0.687 0.678 0.686 0.688 0.680 
q ............................... 0.234 0.232 0.277 0.234 0.231 0.276 
a ............................... 1.426 1.424 1.406 1.427 1.422 1.419 

f r  .............................. 0.97 0.98 0.98 0.97 0.98 0.96 
f" .............................. 0.84 0.84 0.85 0.85 0.88 0.87 
p* ............................. 0.0286 0.0287 0.0296 0.0286 0.0289 0.0295 
c, .............................. 0.40 0.75 0 0.38 0.83 0 
cy ............................. 0.55 0.92 0 0.55 0.95 0 
dl .............................. 0.37 0 0 0.38 0 0 
dv ............................. 0.44 0 0 0.43 0 0 
my ............................ 15.632 15.633 15.620 15.630 15.631 15.597 
rn:' ............................ 15.643 15.644 15.631 15.643 15.645 15.609 
rnT1 ............................ 15.708 15.703 15.727 15.697 15.697 15.673 
m:" ........................... 17.899 17.898 17.889 17.909 17.930 17.900 
m:" ............................ 17.906 17.905 17.903 17.914 17.938 17.903 
rn;' ........................... 17.926 17.918 17.965 17.947 17.959 17.968 

Nom-Listed are  the model  parameters  for  two-parameter  limb-darkened  (LD2),  one-parameter  limb-darkened 
(LDl), and  uniformly  bright (UB) source models. The  first  three  columns  indicate fits of  high-quality  data  with 
DoPHOT-reported error  bars;  the  last  three columns list fits of all data  with  empirical  "frame quality" uncer- 
tainties,  based on typical  scatter  for  similar  brightness  stars on individual  frames.  The  baselines mo refer to the  total 
modeled flux (source + blend)  at  the  given obsening site (L = LaSiUa, S = S U O ,  T = Tasmania)  and in the  given 
band ( I  or V). 
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FIG. 4.-Left: Light  curves  for  our  best fit, the  two-parameter  limb-darkening  model  (LD2),  superimposed on PLANET V and I data  sets for a 3 day 
period centered on the cusp-crossing (bottom) and  a 16 hr period  during  which  the  stellar  limb  swept  over  the  cusp (top). Right: The same, but  for the uniform 
bright source  model (UB). DoPHOT estimates for relative  photometric  uncertainties  have  been  assumed;  the  rescaled error bars  are generally  comparable to 
the size of  the  plotted  points,  and so have  been omitted. 

extended  size  of the source  is characterized by an additional  The inclusion of all these effects thus requires 7 + k + 3n 
Parameter, p* z e*/&, the angular radius of the source in fit  parameters. For the three PLANET sites,  each  observing 
units of the Einstein radius. Finally, the light-intensity MACHO 97-BLG-28 in I/ and I ,  k = 6 and n = 2, thus 
Profile  of the source  may be limb darkened  rather  than necessitating 19 parameters in the full  model. 
"niforrn  over the stellar disk. We adopt  a  limb-darkening 
law of the form 3.1. Fitting the Model to  the Data 

I,(5) = 1,(0)[1 - C A ( l  - cos si) - d,(l - Ja)] , (2)  We  fit three different extended-source binary-lens models, 
with either a uniform  source or a one- or two-parameter 

where si is the angle  between the normal to the stellar limb-darkened source, to the combined  high-quality data 
and  the line of sight. The  coefficients  c, and d ,  are set of 586 CCD frames ( Q  2.1)  using the formal uncertainties 

"avelength  dependent, requiring an additional 2n param-  reported by DoPHOT. Details of calculating the light 
eters. curves for such  models  can  be  found  in the work of 
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Fro. 8.-Souct radial profiles in the I-band ( Z e j i )  and Y-band (right) for 
uniformly bright (thin solid line) and our two-parameter hb-darkeaed 
source (thick sol# line) models. Also shown are  the theoretical expectations 
in the Coush I and Johnson V-bands based on atmospheric models for 
K&K5 giants (dashed lines) from two different literature sources ( s e e  text). 
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FIG. 7.-V- and  I-band  residuals  (model-data) for the models  of  Fig. 4 
during  the  brief  period in which  the  cusp  swept  over the trailing  limb  of  the 
source.  (Rescaled)  fonnal DoPHOT error  bars  are shown. The  different 
sampling  rates  and  observing  conditions  at  the  three  sites  (successively La 
Silla,  Tasmania,  and S U O )  is apparent. Lef: Residuals  for  our  best-fitting 
two-parameter  limb-darkening  model (LDZ). Right: The same,  but  for the 
uniformly  bright  source  model (UB). f 

E 

significance of the  LD2 model  over the  LD1 model is thus 
determined  by the 8.2% probability of obtaining by chance 
a > 5 improvement  with 2  additional degrees of 
freedom, corresponding to a  marginal 1.7 n detection of a 
surface profile that deviates from the  one-parameter limb- 
darkening law in both bands. This marginal  improvement 
indicates that  the inclusion of additional profile-fitting 
parameters beyond those included in the LD2 model is 
unlikely to result in a significantly better fit; the LD2 model 
contains all the  information  that we are able to pull from 
this data set about  the  source profile. 

The large difference in Ax:,,, between the limb-darkened 
and uniform bright models  is not  due solely to the cusp- 
crossing portions of the light curve. Since the model param- 
eters are correlated, even  those parameters  unrelated to the 
source profile differ between the uniform  source  model and 
the limb-darkened  models, as inspection of Table 1 indi- 
cates. Interestingly, the limb-darkened  models  always 
required a smaller photometric offset  between sites in  both 
bands.  The uniform-brightness model  apparently  attempted 
to  match  the observed shape of the light curve at the limb 
by adjusting  the  photometric offsets slightly, hindering the 
x' performance of the UB model  elsewhere in  the light 
curve. The clear signature of limb  darkening is revealed 
only  with high-precision data  during  the few hours when 
the  limb of the star is  grazing the  caustic; high-quality data 
over the whole of the light curve is required, however, to 
obtain  a full and  accurate microlensing solution. 

4.1. Robustness of the Measurement 
Another test of the reliability of our limb-darkening 

parameters is provided  by  fits we performed on  the full data 
set, including the  poorer  quality frames, but now  estimating 
the  photometric uncertainties empirically, so that  the size of 
the  error  bar scales with the overall frame quality. Specifi- 
cally, we set the uncertainty of the event magnitude  on  a 
given  frame to be  equal to  the average  deviation of all simi- 
larly bright constant  stars from their average magnitude. 
We also eliminated the baseline points  taken  in 1998 in 
order to test whether the availability of a  long  temporal 
baseline was important  to  our conclusions about limb  dark- 
ening. The resulting x'min and fit parameters  are given in 
the last three columns of Table 1 for the three source 
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models. The value of xZmin now appears  to be too small, 
primarily due  to  the fact that 97-BLG-28  is  less Crowded 
than  a typical star of its brightness, so that the frame. 
quality uncertainties are overestimates of its true photo. 
metric scatter. What is important  to  note is that the 
uniformly bright source  is  again strongly ruled out and that 
all model parameters  are left  almost entirely unaffected by 
this alternate selection and  treatment of the  data, demon. 
strating  the model's robustness. 

Both of the simpler  models are special cases of the LD2 
family of models:  the  LD1 model requires the limb. 
darkening  parameter dl = 0 in both I and Y ,  while the UB 
model sets cl = dl = 0 in both bands.  This  means that our 
LD1  and UB models,  which correspond to points  on the X *  
hypersurface  over restricted portions of the  LD2 parameter 
space, also  correspond to points on the full LD2 x' hyper- 
surface. The probability of obtaining  a renormalized x' that 
is larger  than  that of the  LD1  solution is greater  than 10% 
for  both  the  DoPHOT  and frame-quality methods of esti- 
mating relative photometric uncertainties; the probability 
of obtaining  a renormalized x' larger than  that of the UB is 
negligibly small. 

We  conclude that  the  two-parameter limb-darkening 
model  is clearly superior to the uniform source model and 
marginally superior to the  one-parameter limb-darkening 
model.  We  now adopt it  as our best  model and use it to 
derive the physical parameters  for  the lens and the surface 
brightness profile of the source, which we now  compare to 
expectations from stellar atmosphere models. 

4.2. Comparison to Stellar  Atmospheric Models 
As  we discussed in 0 2, both spectroscopic and photo- 

metric  considerations indicate that  the  source  star of 
97-BLG-28 is a K giant in  the  Galactic bulge,  with  K2 111 
being the  most  probable type. The fits to  our photometric 
data discussed in 0 3 yield the limb-darkening coefficients cA 
and dl for  the Y and I bands separately. The corresponding 
surface brightness profiles for the source star, normalized so 
as  to give a total flux equal to unity, are  shown  in Figure 8 
for our  LD2 model of the high-quality photometric  data set - 
using DoPHOT estimates for the relative photometric 

t I band  

0 
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 1 bo 

\ 
4 

No. 

unct 

en0 
our 
mor 

A 
sphc 
go' 
Gin 
bot1 
(2). 
aut1 
T =  
giar 
goo 
coo 
thei 
o f t  
COl 
tho 

7 
mei 
tior 
fro] 
the 
dar 
sPe 
sidt 
mo 
the 

( 
lim 
mi(  

me. 
sin 
da~ 
ma 
bet 

DOC 

/ (Al 
\91- 

no] 
Pr( 
abi 
lim 
to 
co1 
5:  

1 
all] 
f0I 
sec 
so1 

Normalized  Source  Radius R 

FIG. 8.-Source  radial  profiles in the  I-band (left) and  V-band (right) for 
uniformly  bright (thin solid line) and  our  two-parameter  limb-darkened 
source (thick solid line) models. Also shown are  the  theoretical  expectations 
in the Cousins I and Johnson V-bands  based on atmospheric  models for 
KO-K5 giants (dashed lines) from two  different  literature  sources  (see  text). 
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f fitting a microlensing  model  to  synthetic  terrestrial  photometry and astrometry 
: are a lens motion  position  angle of 30°, p = 0.4, rE = 300 pas, and II = 100 + 
that differential  astrometric  measurements  commence  after that detection- The 
ometric  and  astrometric data. Shown in each are the  simulated data, true values, 
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FIG. 2.--Magnification  in magnitudes for a lensing event shown both with 
(dashes) and without (solid) correction for the Earth's motion. The lens is 
assumed to have  mass A4 - lo3 M , ,  distance Do, - 10 kpc, and transverse 
speed v - 200 km s-l. At maximum magnification, ( xo  = = 0.2) the phase of 
the Earth's orbit is  offset by 20" relative to the projected lens-Sun vector. The 
Einstein ring is - 300 AU. 

The light  curve in Figure 2 looks suspiciously like a lensing 
event. Nevertheless, because the beginning of the  "event " 
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For t^ = 40 days  the duration of the  deviation is about 20 hr, with the 
center of the  source  spending  roughly 90 minutes  inside  the  caustic. 

2 
- 100 Earth-mass planets can in principle be detected using this 

1 technique. 
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4. PROBABILITY OF PLANET  DETECTION USING 
ASTROMETRIC  MICROLENSING 

FIG. Z.Some examples  of planetary  astrometric  and  photometric 
curves. All examples  assume q = with a  primary  lens  angular  Ein- 
stein  radius of 550 pas, which  corresponds to a  Saturn-mass  planet.  Panel 
(a) has up = 1.3,  panel (b) has up = 0.7, and  panel (c) shows  a  caustic 
crossing  event  with up = 1.3.  The  time axis is scaled so that t^ = 40 days, 
and squares are plotted  one per  week, so the durations of the  deviations are 
of order 1 week.  The dots are plotted every 12 hr during the deviation. 

shorter length of time than in Figure 2c. Figure 3b shows a 
close-up of the effects that finite sources can have on the 
astrometric  planetary signal. Depicted are the  astrometric 
motion for stars of radius 1,3,5,9,  and 30 R, traversing  the 
same  path in the source plane as in Figure 3a. As expected, 
increasing the  source size smears out the signal, so that for 
30 R ,  the deviation is entirely washed out.  Notice, however, 
that for 3 and 5 R,, the signal  is  easily  visible, meaning  that 

The possibility and  probability of detecting planets with 
photometric microlensing  have  been explored by several 
authors  (Ma0 & Paczyhski 1991; Gould & Loeb 1992; 
Wambsganss 1997; Bennett & Rhie 1996; Peale 1997; 
Sackett 1997; Sahu 1997; Griest & Safizadeh 1998) and was 
found to be substantial. We  wish to  compare  astrometric 
microlensing with these studies. In most of these studies, 
numerous light curves  were generated for a range of planet- 
ary masses and projected orbital  radii,  and  some simple 
detection criterion was established. In a realistic experi- 
ment, fitting of the planetary light curve would  need to be 
performed and the planet mass determined before a planet 
detection was established. Parameter  extraction with 
astrometry will be  discussed  below, but in the following 
section we  will just use  simple detection  criteria  analogous 
to  those used in previous studies.  We  define as a detectable 
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